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Abstract
The scattering cross sections of charm mesons with hadrons such as the pion,
rho meson, and nucleon are studied in an effective Lagrangian. In heavy
ion collisions, rescattering of produced charm mesons by hadrons affects the
invariant mass spectra of both charm meson pairs and dileptons resulting
from their decays. These effects are estimated for heavy ion collisions at SPS
energies and are found to be significant.
PACS number(s): 25.75.-q, 13.75.Lb, 14.40.Lb
I. INTRODUCTION
Recently, experiments on heavy ion collisions at CERN SPS by the HELIOS-3 [1] and
NA50 [2] Collaborations have shown an enhanced production of dileptons of intermediate
masses (1.5 < M < 2.5 GeV). In one explanation, this enhancement is attributed to dilepton
production from secondary meson-meson interactions [3], while in another it was proposed
that dileptons from charm meson decays could also contribute appreciably in this invariant
mass region [4]. In the latter case, one of the present authors has shown, based on a
schematic model, that if one assumes that the transverse mass spectra of charm mesons
become hardened as a result of final state rescattering with hadrons, the invariant mass
spectrum of dimuons from decays of charm mesons would also become hardened, and more
dimuons would then have an invariant mass between 1.5 and 2.5 GeV. Although charm
quark production from hadronic interactions has been extensively studied using perturbative
QCD [5,6], not much has been done in studying charm meson interactions with hadrons.
Knowledge on charm meson interactions with hadrons is important as whether charm mesons
develop a transverse flow depends on how strongly they interact with other hadrons as they
propagate through the matter.
In this paper, we shall first introduce in Sec. II an effective Lagrangian to describe the
interactions of charm mesons with pion, rho, and nucleon. Using the coupling constants and
cutoff parameters at the vertices determined either empirically or from symmetry arguments,
we evaluate the scattering cross section of charm mesons with hadrons. Effects of hadronic
scattering on the charm meson transverse momentum spectrum and the dimuon invariant
mass spectrum from charm meson decays are then estimated in Sec. III based on a schematic
model for the time evolution of heavy ion collision dynamics. In Sec. IV, we summarize our
results and discuss the uncertainties involved in the studies.
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II. CHARM MESON INTERACTIONS WITH HADRONS
A. Lagrangian
We consider the scattering of charm mesons (D+, D−, D0, D¯0, D∗+, D∗−, D∗0, and
D¯∗0) with pion, rho, and nucleon. If SU(4) symmetry were exact, interactions between
pseudoscalar and vector mesons could be described by the Lagrangian
LPPV = igT r
(
P †V µ†∂µP
)
+H.c. (1)
where P and V represent, respectively, the 4× 4 pseudoscalar and vector meson matrices
P =
1√
2


pi0√
2
+ η√
6
+ ηc√
12
π+ K+ D¯0
π− − pi0√
2
+ η√
6
+ ηc√
12
K0 D−
K− K¯0 −
√
2
3
η + ηc√
12
D−s
D0 D+ D+s − 3ηc√12

 ,
V =
1√
2


ρ0√
2
+ ω√
6
+ J/ψ√
12
ρ+ K∗+ D¯∗0
ρ− − ρ0√
2
+ ω√
6
+ J/ψ√
12
K∗0 D∗−
K∗− K¯∗0 −
√
2
3
ω + J/ψ√
12
D∗−s
D∗0 D∗+ D∗+s −3J/ψ√12


.
The above interaction Lagrangian may be considered as being motivated by the hidden
gauge theory, in which there are no four-point vertices that involve two pseudoscalar mesons
and two vector mesons. This is in contrast to the approach of using the minimal substitution
to introduce vector mesons as gauge particles, where such four-point vertices do appear. It
is, however, known that the two methods are consistent if one also includes in the latter
approach the axial vector mesons, which are unfortunately not known for charm hadrons.
Furthermore, gauge invariance in the latter approach cannot be consistently maintained if
one uses the experimental vector meson masses, empirical meson coupling constants and
form factors at interacting vertices. Expanding the Lagrangian in Eq. (1) in terms of the
meson fields explicitly, we obtain the following Lagrangians for meson-meson interactions:
LpiDD∗ = igpiDD∗D∗µ~τ ·
[
D¯(∂µ~π)− (∂µD¯)~π
]
+H.c. ,
LρDD = igρDD
[
D~τ (∂µD¯)− (∂µD)~τD¯
]
· ~ρµ ,
Lρpipi = gρpipi~ρµ · (~π × ∂µ~π) , (2)
where the coupling constants gpiDD∗ , gρDD, and gρpipi are related to the coupling constant g
via the SU(4) symmetry as shown below in Eq. (4).
In SU(3), the Lagrangian for meson-baryon interactions can be similarly written using
the meson and baryon matrices. The formulation becomes, however, more complicated in
SU(4) where a more general tensor method is required [7]. The interaction Lagrangians
needed for our study then include the following:
LpiNN = −igpiNNN¯γ5~τN · ~π ,
LDNΛc = igDNΛc
(
N¯γ5ΛcD¯ + Λ¯cγ5ND
)
.
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In the above we have used the following conventions:
π± =
π1 ∓ iπ2√
2
, N = (p, n), and D = (D0, D+).
Again, SU(4) symmetry would relate the above coupling constants to each other with the
introduction of one more parameter, as shown below in Eq. (8), because there are two SU(4)-
invariant Lagrangians for pseudoscalar meson and baryon interactions. We also need the
following phenomenological Lagrangian:
LρNN = gρNNN¯
(
γµ~τ · ~ρµ + κρ
2mN
σµν~τ · ∂µ~ρν
)
N ,
where values of the coupling constants gρNN and κρ are well-known as discussed below.
B. Cross sections
In Fig. 1, Feynman diagrams are shown for charm meson interactions with the pion
(diagrams 1 to 8), the rho meson (diagrams 9 and 10), and the nucleon (diagrams 11 to 13).
Explicit isospin states are not indicated. The spin and isospin-averaged differential cross
sections for the t channel and u channel processes can be straightforwardly evaluated, and
they are given by
dσ1
dt
=
g2ρpipig
2
piDD∗
32πsp2i
[
m2ρ − 2m2pi − 2t+ (t−m2pi)2/m2ρ
]
[m2D∗ − 2m2D − 2t+ (t−m2D)2/m2D∗ ]
(t−m2pi)2
,
dσ2
dt
=
1
3
dσ1
dt
,
dσ3
dt
=
g2ρpipig
2
ρDD
32πsp2i
(2s+ t− 2m2pi − 2m2D)2
(t−m2ρ)2
,
dσ9
dt
=
1
3
dσ1
dt
,
dσ10
dt
=
1
9
dσ1
dt
,
dσ11
dt
=
3g2piDD∗g
2
piNN
64πsp2i
(−t) [m2D∗ − 2m2D − 2t+ (t−m2D)2/m2D∗ ]
(t−m2pi)2
,
dσ12
dt
=
1
3
dσ11
dt
,
dσ13
dt
=
3g2ρDDg
2
ρNN
32πsp2i
2(1 + κρ)
2 [−su+m2N(s+ u) +m4D −m4N ]− (s− u)2κρ (1 + κρ/2 + tκρ/8m2N)
(t−m2ρ)2
, (3)
where pi denotes the initial momentum of the two scattering particles in their center-of-mass
frame.
For s channel processes through charm meson resonances, shown by diagrams 4 to 8, the
cross section is taken to have a Breit-Wigner form
σ =
(2J + 1)
(2s1 + 1)(2s2 + 1)
4π
p2i
Γ2totBinBout
(s−M2R)2/s+ Γ2tot
,
3
where Γtot is the total width of the resonance, Bin and Bout are their decay branching ratios
to the initial and final states, respectively. We note that diagrams 4 to 7 correspond to
processes through the D∗2 and D1 resonances Dπ → Dπ, Dπ → D∗π, D∗π → Dπ and
D∗π → D∗π, respectively, while diagram 8 represents the process Dπ → Dπ through the
D∗ resonance. Total widths for D∗2 and D1 resonances are known, and they are ΓD∗02 = 23
MeV, ΓD∗+
2
= 25 MeV, ΓD0
1
= 18.9 MeV, and ΓD+
1
= 28 MeV [8]. For the width of D∗, only
an upper limit is known, i.e., ΓD∗0 < 2.1 MeV and ΓD∗+ < 0.131 MeV. Studies based on the
relativistic potential model [9] suggest that ΓD∗0 ≃ 42 KeV and ΓD∗+ ≃ 46 KeV, and we
use these values in this paper. The branching ratios (BR) are known for D∗+ and D∗0 [8],
but not for D∗2 and D1. Experimental data show that for both D
∗0
2 and D
∗+
2 decays one has
Γ(Dπch)/Γ(D
∗πch) ∼ 2. Since D1 decays to D∗π instead to Dπ due to parity conservation,
we assume BR(D1 → D∗π) = 1, BR(D∗2 → D∗π) = 1/3, and BR(D∗2 → Dπ) = 2/3,
neglecting possible decays of D1 and D
∗
2 to Dρ and D
∗ρ, respectively [10].
C. Coupling constants
For coupling constants, we use the empirical values gρpipi = 6.1 [11], gpiDD∗ = 4.4, gρDD =
2.8 [12], gpiNN = 13.5 [13], gρNN = 3.25, and κρ = 6.1 [14]. From SU(4) symmetry, as
assumed in the Lagrangian in Eq. (1), one would expect the following relations among these
couplings constants:
gpiKK∗(3.3) = gpiDD∗(4.4) = gρKK(3.0) = gρDD(2.8) =
gρpipi
2
(3.0) . (4)
One sees that the empirical values given in parentheses agree reasonably well with the
prediction from SU(4) symmetry. Signs of the coupling constants are not specified as the
possible interferences among diagrams 3, 4, and 8 are not included. We note that the
coupling constant gpiDD∗ is consistent with that determined from the D
∗ width
ΓD∗→piD =
g2piDD∗p
3
f
2πm2D∗
,
where pf is the momentum of final particles in the D
∗ rest frame.
D. Form factors
To take into account the structure of hadrons, we introduce form factors at the vertices.
For t channel vertices, monopole form factors are used, i.e.,
f(t) =
Λ2 −m2α
Λ2 − t ,
where Λ is a cutoff parameter, and mα is the mass of the exchanged meson. For cutoff
parameters, we use the empirical values Λρpipi = 1.6 GeV [11], ΛpiNN = 1.3 GeV, and ΛρNN =
1.4 GeV [13]. However, there are no experimental information on ΛpiDD∗ and ΛρDD, and their
values are assumed to be similar to those determined empirically for strange mesons, i.e.,
ΛpiDD∗ = ΛpiKK∗ = 1.8 GeV, ΛρDD = ΛρKK = 1.8 GeV [11]. For s channel processes,
shown in diagrams 4 to 8, that are described by Breit-Wigner formula, no form factors are
introduced.
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E. On-shell divergence
The cross sections in Eq. (3) for diagrams 2 and 9 (Dρ↔ D∗π) are singular because the
exchanged mesons can be on-shell. Since the on-shell process describes a two-step process,
their contribution needs to be subtracted from the cross section. This can be achieved by
taking into account the medium effects which add an imaginary self-energy to the mass of
the exchanged pion as in Ref. [15]. We take the imaginary pion self-energy to be 50 MeV
and have checked that the calculated thermal average of the cross sections do not change
much with values between 5 and 500 MeV. We note that there are other ways to regulate
this singularity [16].
F. Thermal average
We are interested in the thermal averaged cross sections for the processes shown in Fig. 1.
For a process 1 + 2→ 3 + 4, where the initial-state particles 1 and 2 are both described by
thermal distributions at temperature T , the thermal averaged cross section is given by
〈σv〉 =
∫∞
z0
dz [z2 − (α1 + α2)2] [z2 − (α1 − α2)2]K1(z) σ(s = z2T 2)
4(1 + δ12)α1K2(α1)α2K2(α2)
.
In the above, αi = mi/T (i = 1 to 4), z0 = max(α1 + α2, α3 + α4), δ12 is 1 for identical
initial-state particles and 0 otherwise, and v is their relative velocity in the collinear frame,
i.e.,
v =
√
(k1 · k2)2 −m21m22
E1E2
.
In Fig. 2(a), we show the results for the thermal averaged cross sections as functions
of temperature. It is seen that dominant contributions are from D and D∗ scatterings by
nucleon, D scattering by pion via rho exchange, and D scattering by rho meson via pion
exchange. In obtaining these result, the rho meson mass is taken at its peak value of 770
MeV.
III. ESTIMATES OF RESCATTERING EFFECTS
As shown in the schematic model of Ref. [4], if one assumes that charm mesons interact
strongly in the final state hadronic matter, then their transverse mass (m⊥) spectra and
pair invariant mass spectra would become harder than the initial ones as a result of the
appreciable transverse flow of the hadronic matter. Dilepton decays of charm mesons would
then lead to an enhanced yield of intermediate-mass dileptons in heavy ion collisions. In
this section, we estimate the effects of hadronic rescattering on charm meson m⊥ spectra
and the invariant-mass distribution of dileptons from their decays in heavy ion collisions at
SPS energies.
To characterize the scattering effects on charm mesons, we first determine the squared
momentum transfer to a charm meson when it undergoes a scattering processD1X1 → D2X2.
In the rest frame of D1, the squared momentum of the final charm meson D2 is given by
5
p20 =
[(mD1 +mD2)
2 − t] [(mD1 −mD2)2 − t]
(2mD1)
2
for t channel processes with four momentum transfer t. For u channel processes, one replaces
u for t in the above expression.
We determine the total number of collisions suffered by a charm meson from its scattering
cross sections and the time evolution of the hadron densities. In the charm meson local frame,
we assume that the density evolution of hadrons is inversely proportional to the proper time,
i.e.,
ρ(τ) ∝ 1
τ
. (5)
Neglecting the effect of transverse expansion on the density evolution, the total number of
scatterings for a charm meson is then
N =
∫ τF
τ0
σvρdτ = σvρ0τ0 ln
(
τF
τ0
)
= σvρ0τ0 ln
(
tF
τ0 cosh y
)
≃ σvρ0τ0 ln
(
R⊥m⊥
τ0p⊥
)
,
which leads to the following thermal average of the squared total momentum transfer due
to scatterings,
〈p2S〉 = 〈Np20〉 =

 ∑
i=pi,ρ,N ···
〈σvp20〉iρi0

 τ0 ln
(
R⊥m⊥
τ0p⊥
)
. (6)
In obtaining the above result, we have assumed the same initial and final proper times for the
time evolution of different particle species that are involved in the scattering. Equation (6)
shows that the relevant quantity is 〈σvp20〉 instead of the usual 〈σv〉. We show in Fig. 2(b)
this thermal average for all scattering channels considered in the present study. It is seen that
the dominant contributions to 〈σv〉 remain important for 〈σvp20〉 and the process involving
D∗ scattering by rho meson via pion exchange also becomes significant.
Summing up contributions from the scattering channels in Fig. 1(a), 1(b), and 1(c)
separately, and simply dividing by 2 to account for the average over D and D∗, we obtain,
at T = 150 MeV,
〈σvp20〉 ≃ 1.1, 1.5, and 2.7 mb GeV2
for π, ρ, and N scatterings with charm mesons, respectively.
For central Pb+Pb collisions at SPS energies, the initial particle numbers can be obtained
from Ref. [17], i.e., there are 500 π, 220 ρ, 100 ω, 80 η, 180 N , 60 ∆, and 130 higher
baryon resonances. The initial densities at central rapidity can then be estimated using
ρ0τ0 ≃ (dN/dy)/(πR2A) ≃ N/(4πR2A). For a conservative estimate on the scattering effect,
we only include π, ρ, and nucleon. The initial densities for pion, rho meson, and nucleon
are thus
ρ0τ0 ≃ 0.79, 0.35, and 0.28 fm−2 ,
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respectively. Equation (6) then gives
〈p2S〉 ≃
[
〈σvp20〉piρpi0 + 〈σvp20〉ρρρ0 +〈σvp20〉NρN0
]
τ0 ln
(
R⊥〈m⊥〉
τ0〈p⊥〉
)
≃ (1.1× 0.79 + 1.5× 0.35 + 2.7× 0.28)/10× ln 16.7 ≃ 0.61 (GeV2) . (7)
In the above, we have taken τ0 = 1 fm and R⊥ ≃ RA ≃ 1.2A1/3 fm. We have also used
the relations 〈p⊥〉 ∼
√
〈p2⊥〉 ≃
√
2mTeff and 〈m⊥〉 ≃ m + Teff as given by Eq. (A2) in
Appendix A. Since the charm meson Teff increases as a result of the rescatterings, 〈p2S〉 needs
to be determined self-consistently. However, because of the logarithmic dependence shown
in Eq. (7), 〈p2S〉 is not very sensitive to the value of Teff , and we have taken Teff = 200 MeV
in obtaining the above numerical results. We note that even though pions appear to be less
important in Fig. 2, their contribution to the rescattering effect is important due to their
high densities, as evident from the numerical values shown in Eq. (7).
The total squared momentum transfer from hadronic scatterings as given by Eq. (6) can
be characterized by a temperature parameter TS, defined by Eq. (A3) in Appendix A. Using
the values given in Eq. (7), we obtain TS ≃ 96 MeV from Eq. (A5) of Appendix A. From
Fig. 3, which relates TS to Teff and to the enhancement factor R for dimuons from charm
meson decays into the NA50 acceptance, this gives an effective inverse slope parameter of
Teff = 235 MeV for the final charm meson m⊥ spectrum if the initial one is taken to be 160
MeV, and a dimuon enhancement factor of about 2.1 is obtained.
IV. SUMMARY AND DISCUSSIONS
In summary, we have calculated the cross sections for scatterings between charm mesons
and hadrons such as pion, rho meson, and nucleon. Hadronic scatterings of charm mesons
in heavy ion collisions can significantly affect the charm meson spectra and the dilepton
spectra from charm meson decays. An estimate of this effect in heavy ion collisions at SPS
energies is given, and we find that it leads to a hardened charm meson spectra and an
enhanced intermediate-mass dileptons from charm meson decays. These results thus give a
more quantitative justification of the arguments proposed in Ref. [4].
However, the results obtained in the present study are still incomplete as we have not
included diagrams involving the exchange of heavier particles such as charm hadrons. The
scattering cross sections between charm mesons and hadrons such as kaon, ω, η, ∆, and
higher baryon resonances are not calculated either. Furthermore, we have not calculated the
contribution due to diagrams shown in Fig. 4, where charm mesons scatter with nucleons via
a Λc exchange. There is a large uncertainty in their contributions as no empirical information
on the coupling constant gDNΛc is available. The SU(4) symmetry gives
gDNΛc = gKNΛ =
3− 2αD√
3
gpiNN ≃ gpiNN = 13.5 , (8)
where αD = D/(D + F ) with D and F being the coefficients for the D-type and F -type
coupling, and αD ≃ 0.64 [18]. On the other hand, QCD sum rule studies suggest a smaller
value gDNΛc ≃ 6.7 ± 2.1 [19]. Because of this uncertainty in these two processes involving
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the DNΛc coupling, we choose to leave them out in our study. In the future, when empirical
information on this parameter is known from DN scattering, then processes involving the
DNΛc coupling can be addressed.
We note that the estimates given above are based on a simple assumption on the time
evolution of the dense hadronic system, which enables us to make an analytical estimate
of the rescattering effects. As a result, we have neglected the transverse expansion of the
hadronic system which would lead to a faster decrease of hadron densities than the linear
dropping assumption in Eq. (5). We have also neglected the chemical equilibration processes
which, e.g., may decrease the total number of rho mesons and increase that of pions as a
function of time [17].
Moreover, we have used only the isospin averaged cross sections and also averaged the
rescattering effects on D and D∗ mesons. Without a full cascade calculation and fully
treating the isospin, we do not know the final composition of charm mesons, e.g, the ratios
D∗/D and D0/D+. A naive expectation gives D∗/D = 3, and consequently D0/D+ ≃ 3
[20]. However, even for pp collisions the relative weights of produced charm mesons are not
well measured experimentally. We emphasize that the charm meson composition could have
a sizable effect on the lepton and dilepton yields from charm decays, because D+ and D0
have very different branching ratios for semileptonic decays (17.2% from D+ and 6.7% from
D0).
In a hadronic cascade model, the time evolution and the chemical equilibration of the
hadronic system can be simulated much better. Using cross sections with the full isospin
information, and keeping track of the charm meson isospins during scatterings, the final
charm meson composition can be determined. Therefore, further studies based a cascade
code along these directions are much needed for a quantitative study of the rescattering
effects on charm meson observables.
For heavy ion collisions at RHIC energies, a dense partonic system is expected to be
formed during the early stage of the collision. In addition to hadronic rescatterings of charm
mesons, partonic rescattering effects on charm quarks also need to be included. Furthermore,
radiative processes of charm quarks inside the QGP would further complicate the issue as
they may cause energy loss [21] and soften the charm meson m⊥ and pair invariant mass
spectra [22]. Therefore, more studies are needed before one can make predictions for RHIC.
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APPENDIX
In this appendix, we derive the relation between the total squared momentum trans-
fer to charm mesons due to hadronic scatterings and the increase of the inverse slope of
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charm meson m⊥ spectra. Consider a charm meson at central rapidity with an initial trans-
verse momentum p⊥I along the y axis. After a scattering which gives the charm meson a
momentum ~pS in its rest frame, its final transverse momentum is given by
pxF = pxS , pyF = γI(pyS + βIES) ,
where
βI =
p⊥I√
p2⊥I +m2
, γI =
1√
1− β2I
.
Assuming that ~pS is isotropic in the charm meson rest frame, the average of the squared
final transverse momentum of the charm meson is then related to that of the squared initial
transverse momentum by
〈p2⊥F〉 = 〈p2⊥I〉+
(
2
3
+
4〈p2⊥I〉
3m2
)
〈p2S〉 , (A1)
where 〈p2S〉 is the average of the squared total momentum transfer to the charm meson as
given by Eq. (6). For an isotropic ~pS distribution, Eq. (A1) is actually true for a charm
meson at any rapidity.
If we parametrize the m⊥ spectrum of charm mesons as
dN
m⊥dm⊥
∝ e−m⊥/Teff
in terms of an inverse slope parameter Teff , then
〈p2⊥〉 = 2T 2eff
(
m
Teff
+ 2 +
1
m/Teff + 1
)
. (A2)
As in the schematic study of Ref. [4], we characterize the scattering strength 〈p2S〉 by an
equivalent temperature parameter TS via
〈p2S〉=
∫
p2e−E/TSd3p∫
e−E/TSd3p
= T 2S
∫
x4 exp
(
−
√
x2 + (m/TS)2
)
dx∫
x2 exp
(
−
√
x2 + (m/TS)2
)
dx
= 3T 2S
[
m
TS
+
5
2
+O
(
1
m/TS
)]
. (A3)
Both TS and Teff are expected to be small compared with the charm meson mass (m ≃
1.87 GeV). Keeping only the leading term in Eqs. (A2) and (A3) then gives 〈p2⊥〉 = 2mTeff
and 〈p2S〉 = 3mTS in the nonrelativistic limit. Equation (A1) thus gives
T Feff ≃ T Ieff + TS . (A4)
If we also keep the next-to-leading term in Eqs. (A2) and (A3), we then obtain
〈p2S〉 ≃ 3mTS +
15
2
T 2S (A5)
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and
T Feff +
2T Feff
2
m
≃ T Ieff +
2T Ieff
2
m
+ TS
(
1 +
5TS
2m
) [
1 +
4T Ieff
m
(
1 +
2T Ieff
m
)]
. (A6)
For central Pb+Pb collisions at SPS energies, the relations given by Eqs. (A4) and (A6)
are shown in Fig. 3 together with the results obtained from the Monte Carlo simulations in
the schematic study of Ref. [4]. These relations agree qualitatively with that from the sim-
ulations. However, they differ quantitatively, because rapidity changes due to rescatterings
are not taken into account in the present analytical estimates.
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FIG. 1. Feynman diagrams for (a) Dpi, (b) Dρ, and (c) DN scatterings.
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FIG. 2. Thermal average (a) 〈σv〉, and (b) 〈σvp20〉 of charm meson scattering cross sections
as functions of temperature. Numbers labeling the curves correspond to the diagram numbers in
Fig. 1.
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FIG. 3. The dimuon enhancement factor R within the simulated NA50 acceptance and the
equivalent temperature parameter TS due to scatterings as functions of the final inverse slope of
charm mesons Teff [4]. The curve with open circles is from Eq. (A4), while the curve with filled
circles is from Eq. (A6).
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FIG. 4. Feynman diagrams for charm meson scattering with nucleon via the Λc exchange.
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